Red mite (Dermanyssus gallinae; De Geer, 1778) is currently one of the most detrimental ectoparasites in laying birds across several countries. Symptoms of D. gallinae infestation include reduction in production, poor egg quality, increased mortality and also a compromise to welfare. Feeding on its host for only short periods of time, the red mite spends the vast proportion of its short life-cycle hidden deep within the house substructure. For this reason, it is the preference of red mite to occupy free range or barn systems as opposed to caged, since a greater number of potential hiding places can be sought. A problem which will therefore be amplified within the EU with the impending ban on battery (cage production). This, in conjunction with concern over resistance to acaricides, toxicity risks and acaricide withdrawal, make control particularly problematic and financially draining for producers. Therefore alternative methods must be sought, such as vaccine development. However, in order for this to be achieved, an understanding of mite antigenicity must first be established.
Introduction
Present poultry production functions by using fully integrated production systems, allowing for the mass production of eggs with limited space and time. In order to achieve this, birds must reside in an artificial and largely controlled environment. Consequently, the ecology of arthropod pests is tied to the synthetic environment in which they exist alongside the hens (Axtell and Arends, 1990) . Therefore any changes to this environment which effect arthropods, whether they be advantageous or detrimental, are likely to have the same effect on the birds themselves. Since the facilities and techniques for modern poultry production are fundamentally very similar throughout the world, excluding climatic and geographical variability, conditions for arthropods are ideal, worldwide (Axtell and Arends, 1990) . A number of ectoparasite species inhabit poultry houses, of which the poultry red mite (Dermanyssus gallinae De Geer, 1778) is considered the most economically deleterious (Chauve, 1998) .
Red mite is said to be a temporary haematophagous ectoparasite since it feeds only for short periods in darkness, once every few days (Kilpinen, 2001) . Red mite shows preference for laying hens, although they have been known to engorge on a range of hosts, including man (Bruneau et al., 2001) . In commercial egg production, red mite is a serious problem, not only as a potential vector of several avian of pathogens, but more importantly as a direct parasite effecting both production and welfare (Nordenfors, et al,. 1999) . Exposure to red mite may induce a number of symptoms relative to the severity of infestation, including irritation, restlessness, anaemia and occasionally death. This subsequently leads to reduced egg production, from reduced egg weight and increased downgrading as a result of poor shell integrity and superficial blood staining (spotting) from engorged mites which are crushed on egg belts etc. (Chauve, 1998; Cosoroaba, 2001 undertaken by manual spraying of acaricides, although this method has limitations due to mite resistance and market withdrawal of many acaricides for environmental and toxicity concerns (Chirico and Tauson, 2002) .
There is then an urgent need to develop alternative means of control, such as vaccination. Such strategies have been successfully implemented with other ectoparasite species, for example the tropical cattle tick (Boophilus microplus). A concealed membrane-bound glycoprotein (BM86 antigen) was identified and successfully used in a commercial vaccine (TickGARD plus) (Willadsen, 1999) . In addition to this, it has been recently documented that egg yolk-derived chicken immunoglobulin-Y (IgY), the equivalent of mammalian IgG, can be used as a means of immunisation against infectious pathogens (Arasteh et al., 2004) . Extraction of yolk-derived IgY is a non-invasive process and yields higher levels of antibody when compared to serum immunoglobulins (Karlsson et al., 2004) .
Therefore the aims of this study were: 1. to assess the immunological response of humoral antibodies, derived from both blood sera and egg yolk, to naturally occurring red mite antigens; 2. to investigate the impact of red mite infestation on egg production and the relationships between red mite population, production parameters and antibody levels.
Materials and methods
The study followed populations of laying hens on 2 sites. Site 1 consisted of three separate housing systems (cage, free-range and barn) and yielded samples of red mite and hen eggs as well as production data. Site 2 was a free-range unit, used to monitor red mite population and also for serological analysis of blood sera and egg yolk. Serum was obtained at the time of routine veterinary blood sampling under strict veterinary directions. Both sites followed hens from point of lay for several months, during which time regular samples of egg yolks were taken for immunoglobulin analysis and estimation of red mite population by trapping. The mites were also used as a source of protein for ELISA assays and SDS-PAGE electrophoresis.
RED MITE POPULATION
Red mite were collected live using a trapping procedure, modified after Chirico and Tauson (2002) . However, plastic traps were used as a substitute for cardboard ones (ADAS mite monitors, ADAS Ltd., Oxon, UK), and were fixed along the length of each building, situated close to where abundant mite harvests were expected, i.e. close to joints/ openings in the house structure. Traps were left in situ for 7 days then removed and placed in individual sealable polythene bags. The traps were subsequently filtered and the mites preserved in alcohol. The number of mites within each trap was estimated by taking a sub-sample of this solution, counting number of mites and multiplying up to total population. Four different mite stages were identified, and the mean number of eggs, larvae and adults and nymphs (fed and unfed) per sample recorded.
EGG COLLECTION
Between week 20 and 39 of age, eggs were collected every two weeks and thereafter at monthly intervals until week 54 of age. Eggs were processed in order to extract chicken immunoglobulin Y (IgY) via PBS-chloroform IgY extraction and stored at -20°C until required for further analysis.
BLOOD SAMPLING
Venous blood was obtained from a number of hens on occasions when blood samples were required for veterinary diagnostic purposes. On each occasion, 10 randomly selected birds were bled directly from the wing vein to yield a volume of approximately 1ml of blood. Blood was allowed to clot at room temperature and sera were obtained following centrifugation and stored -20°C, until required for further analysis.
PRODUCTION PARAMETERS
A number of additional weekly production parameters were also recorded including egg production (eggs produced per bird per week), feed intake, water consumption, temperature, mortality and vaccination programmes.
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IMMUNOGLOBULIN-Y (IGY) EXTRACTION
Eggs were stored at 4°C for up to 1 month, before undergoing the extraction procedure. The method for antibody extraction was an adaptation of the method used by Mohammed et al, 1986 . Eggs were broken and yolks separated from albumen. Yolks were then ruptured into a 40ml graduated centrifuge tube. Equal volumes of phosphate buffered saline (PBS) were added to each yolk and a homologous solution was prepared using a vortex shaker, then left to stand at 4°C overnight. After settling overnight, an extract of the homologous solution was prepared by adding 2ml of solution to 4ml of reagent-grade chloroform, and then agitated in a vortex shaker until a thick paste formed. This suspension was allowed to stand for 3 min at room temperature and then centrifuged at 1000 rpm for 20 min. The resulting solution comprised of three layers, of which the clear uppermost layer was collected, placed in a 1.5ml eppendorf and frozen at -20°C for subsequent ELISA assay.
ANTIGEN EXTRACTION
Mite antigens were extracted according to two separate protocols in order to compare extraction methods. The first used a cellular and organelle membrane solubilizing kit (MO) according to the manufacturers' instructions (SIGMA, C 0356). Briefly, approximately 2,500 unfed mites were suspended in 1ml of MO solubilizing reagent and the mite proteins immediately reduced using tributylphosphine stock solution (TBP, product No. T 7567) to a final concentration of 5 mM. This suspension was then was then homogenised using a micro-pestle for approximately 10 min. A second sample was subject to further disruption via sonication for an additional 10 min, then centrifuged at 14,000 rpm at room temperature for 30 min, in order to pellet the cell debris. The supernatants were then transferred into separate, clean 1.5 ml eppendorf tubes and the insoluble pellet discarded. The remaining protein supernatants were then alkylated by adding iodoacetamide (product No. A3221) to a final concentration of 15mM and incubated for 1.5 hours at room temperature. Following this incubation period, the reduced and alkylated suspensions were centrifuged at 14,500 rpm for 10 min at room temperature to pellet any remaining insoluble material. The supernatants were again transferred into a clean 1.5 ml eppendorf tube, ready for protein concentration measurement using a Bradford assay.
The second extraction method used 10% sodium dodecyl sulfate (SDS) as described previously by Devaney and Augustine (1987) and Laemmli (1970) . Briefly, approximately 2,500 unfed mites were added to 1ml of 10% SDS, PBS buffer (1:1). The suspension was then homogenised using a micropestle for 10 min, then disrupted by vortexing for 3 min. A second sample was further degraded by sonication for 5 min. Both samples were then centrifuged for 1 min at 11,600 x g and protein concentration determined using a Bradford assay.
ENZYME-LINKED IMMUNOSORBENT ASSAY
96-well plates were coated with 100μL of unfed mite antigen (10μg/ml) in 0.1M NaHCO 3 , pH 9.5 and incubated overnight at 4°C. The following day, the plates were washed 3 times with 200 μL PBS-T (0.15 M NaCl, 0.02 M Na 2 HPO 4 , 0.01% Tween 20, pH 7.2). The plates were then blocked using either 5% or 1% BSA (150μL/ well) in PBS for 45 min at 37°C, for blood serum or yolk extract, respectively. Following another three washes in PBS-T, 100μL of blood serum/ yolk extract diluted in PBS-T (1:100) was added and left to incubate at 37°C for 1.5 hours in a water bath and then washed three times in PBS-T, as before. Each well then received 100 μL of a second antibody, which consisted of Antichicken IgG conjugated to peroxidase, diluted in PBS-T at concentrations of 1:30000 and 1:10000 for blood serum and yolk extract, respectively and once again incubated at 37°C for 1hour in a water bath and washed three times in PBS-T, as before. Finally, 100 μL of TMB substrate (SIGMA, T 4444) was added to each well and colour was allowed to develop for 5 min. Optical density (OD) was read at 630nm at two minute intervals for 40 min using a plate reader (ELX 800 Universal Microplate Reader, Bio-tek Instruments, Winooski, USA).
SDS-POLY ACRYLAMIDE GEL ELECTROPHORESIS (SDS-PAGE)
Mite protein extracts were fractionated by sodium dodecyl sulphate-polyacrylamide gel electrophoresis, as described by Laemmli (1970) . Separating gels of 12% acrylamide-bisacrylamide (29:1) and stacking gels of 4% were used. Protein extract was mixed 2:1 with Laemmli sample buffer (SIGMA, S-3401) and boiled for 10 minutes. Approximately 25µg of extract and 5µL of Chemichrome Western Control Molecular weight marker (SIGMA, C-4236) were loaded into gel lanes.
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Electrophoretic fractionation was performed at 100V for 4 hours until dye front reached interface of stacking/separating gel and at 300V thereafter, for about 12 hours. Gels were washed three times for 5 minutes in deionised water and stained either with Coomassie blue for 1 hour or silver stain (SIGMA Proteoprep TM Silver Stain kit, PROTSIL-1) to reveal protein bands. All procedures were carried out at room temperature.
STATISTICAL ANALYSIS
Data were analysed by analysis of variance and Pearson's correlation, which calculated the relationships between serum and yolk antibody levels, mite numbers and production variables, using the statistical package MINITAB for windows (V14).
Results
SITE 1-PRODUCTION, MITE POPULATION AND IGY LEVELS
At Site 1, egg production averaged 4.7, 6.1 and 6.2 eggs/bird/week for free range, cage and barn, respectively, with free range output being significantly lower than barn (P<0.05). Feed intake was not significantly different between housing system, however mortality was significantly higher in the free range system compared to the other two systems (P<0.05). When comparing results across all hen populations, significant differences were observed for mite population and immunoglobulin levels. The free-range and barn housing system had significantly higher total (P<0.001) mite population than either the cage or barn systems. Similarly, yolk IgY levels on Site 1 were significantly higher (P<0.001) in the free-range system compared to the other two housing systems (0.354, 0.760 and 0.550, respectively).
RELATIONSHIP BETWEEN PRODUCTION, RED MITE POPULATION AND IMMUNE RESPONSE
There were few significant relationships identified between any of the production parameters, egg yolk immunoglobulin levels or red mite populations (Table 2) . Although mite population and IgY levels were both higher in the free range birds, no statistically significant relationship was found. However, there was a significant (P<0.05) correlation between bird mortality and total mite population, suggesting that an increase in mite number contributes towards an increase in total bird losses. However, correlation values are relatively modest, indicating that the relationships are likely to be effected by other variables. Mean weekly antibody titres (optical density) for both serum and egg yolk are presented in Figure 1 .
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When comparing values for mean serum-IgY level at any given week with yolk-IgY level at the subsequent date, it is evident that there is a delayed association between the two extracts, with variation within the same week following a similar pattern. The one exception to this was in week 42 for serum IgY (OD increases) and week 46 for yolk IgY (OD decreases). However, no significant relationship was found between serum IgY and yolk IgY. For samples of IgY obtained from serum and yolk at Site 2, there were significant differences in the level of antibody detected. Serum IgY had a significantly higher OD level than for yolk, (0.1228 versus 0.6044, P<0.001). This is not unexpected, given that yolk-derived IgY had been subject to purification, where as serum-IgY was used directly from the blood. No significant relationships were found between serum and yolk derived antibodies or between mite populations and antibody level, also suggesting that there lies no relationship between antibody levels found in the two samples (see Table 3 ). Table 3 Correlation between mite and antibody levels (r-value followed by P-value)(Unit 2). For samples of IgY obtained from serum and yolk at Site 2, there were significant differences in the level of antibody detected. Serum IgY had a significantly lower OD level than for yolk, (0.12 versus 0.60, P<0.001). This is not unexpected, given that yolk-derived IgY had been subject to purification,
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where as serum-IgY was taken directly from the blood without concentration. No significant relationships were found between levels of serum or yolk derived antibodies or between mite populations and antibody level, (see Table 3 ). (Figure 3) . However, the more sensitive Silver stained gels produced the same series of bands plus an additional band of a lower molecular weight band at around 10 KDa. Comparison of extraction procedures revealed that on both gels SDS-extracted protein produced a higher degree of background colouration, whereas membrane organelle (MO) extracted protein revealed more distinctive bands. Although, the overall protein profiles on both gels were similar showing consistency between protein extraction and staining technique. 
A B C D E F G H I
Discussion
The level of production performance of laying hens used in this study is comparable with typical commercial egg production in the UK suggested by Nix (2005) . Similarly, the level of red mite infestation observed across three different housing conditions is comparable to that previously recorded for UK conditions (e.g. Arkle et al., 2004; Guy et al, 2004) and was significantly higher for birds kept free range. Under these conditions, birds mounted an immune response to red mite, which was significantly higher compared to those kept in either cage or barn systems. A higher mortality of free range birds could be due in part to blood loss, since infestation by red mite leads to hens becoming anaemic (Kilpinen, 2001; Kirkwood, 1967 ). In the current study, there was a significant relationship between red mite population and mortality of hens (P<0.05), showing that an increased red mite burden leads to a rise in total bird mortality. This confirms the real economic and welfare consequence of predation by this parasite. Wojcik et al., (2000) , for example, estimated that red mite infestation could increase mortality by between 4 and 50% and Cosoroaba (2001) reported reduced egg production by as much as 20%. Given these results, it is surprising that there were no significant relationships between serum IgY level, and either production or red mite population levels. Most production parameters were seemed to remain unaffected by either mite infestation or IgY mean titre. Further analysis, on a greater number of flocks, over a longer period of lay, may reveal a stronger statistical relationship. Mohammed et al. (1986) .comparing yolk and serum immunoglobulin levels suggested that there was no significant difference between levels of these two parameters. Results of the current study contradict this, in that mean yolk-IgY was seen to be significantly higher than serum IgY (P<0.001). However, this is likely to be a result of an increased concentration of yolk-IgY through the extraction process. Alternatively, levels of IgY in yolk could be higher because antibodies in egg yolk are an accumulation of IgY from the hen over a 10 day period, the period needed for the complete formation of an egg yolk (Mohammed et al., 1986) . Furthermore, ELISA is a combined measure of both concentration and affinity, which are likely to differ between the two samples (Butler, et al., 1978) . In addition eggs and sera in the present study were collected at random, not from the same bird, so may be as a result of individual variation.
However, even though there was no statistical relationship seen between mite population and antibody levels, there did appear to be a numerical association when comparing mean values, a trend supported by previous research on the red mite (e.g. Lee et al., 2002 ). It appears that there was a lag time between levels of IgY in yolk extract, before they reached those seen in the sera. Again a potential explanation for this may be the delay between IgY formation in the blood and deposition in the egg yolk.
SDS-PAGE gel analysis showed promising results, in that a spectrum of mite proteins were uncovered at a series of molecular weights. A number of these were seen to be at a high molecular weight, particularly with the Coomassie blue stained gel, although silver staining was more sensitive, revealing additional bands, with the lowest at around 10 kDa. Previous research by Lee et al. (2002) exposed proteins at molecular weight of 110, 60, 56, 49 and 46 kDa for D. gallinae, perhaps due to the use of a more disruptive/invasive method of protein disruption gaining access to both soluble and membrane bound proteins. Also when comparing SDS and MO protein extracts, it was evident that the SDS itself produced some background staining, thus making bands less definite. Therefore for future reference, a combination of MO-extracted protein and silver staining would appear to yield the most favourable results.
These results show great promise for further development with the identification of a number of potential proteins worthwhile of further investigation. The next step of this research is to use Western blot analysis to determine whether the birds' specific immunological response can recognise red mite proteins which could be subsequently incorporated into a novel concealed antigen vaccine.
